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ABSTRACT
ADYNnnic'I\nbinchgineCunpnssorCode(DYNTFDC)has
been modified to model speed transients from 0-100% of compressor
design speed. The impetus for this enhancement was to investigate
sngemnchingmdsnllingbdnviordm'ingastxnsequmu
eomparedtorouﬁngsullcvm:bovegrmmdidle. The model can
simulate speed and throttle excursions simultaneously as well as time
varying bleed flow schedules. Results of a start simulation arc
prescmedmdcompnedtoexperimennldmdninedﬁmnmui-
cmﬂifugalnnboshnftmgineuﬂcompuﬁmmpmﬁg. Suge
bysugccompnisonsmealdme&mtslageslobeopa:ﬁnginornw
rotating stall through most of the start sequence. The model matches
!hesmﬁngopenthlglinequitzwellintheforwudsuggswith
deviations ing in the rearward stages ncar the start bleed.
Ovenll.tlupeformmofthemodclisvcxypmmisingmdadds
significantly to the dynsmic simulation capabilities of DYNTECC.

NOMENCLATURE
Flow Area Subscripts
Internal Energy
Blade Farce B Bleed Flow
Total Enthalpy s  Static Property
Mach Number t  Total (Stagnation) Property
Pressure x Axial Direction

Time

Axial Flow Velocity
Mass Flow Rate
Axial Coordinate
Density

Specific Heat Ratio
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INTRODUCTION

The development of reliable high performance gas turbine
engines comtinues to be one of the most challenging engincering
endeavors of the 20 century.  In todsy’s competitive market, engine
designers rely increasingly on the ability numerically simulate
mgineperfounmﬂnmghmntbemﬁrengionofopanim To this
end, considerable cffort has been devoted o modeling the
mpesimmunofgumbhawimpnﬁaﬂnmﬁmm
multistage axial compressors for aircraft spplications. The work
presemedherestcmsﬁomacmsaﬁumofgovmcmhdmu‘iﬂ.
and academic members known as the Joint Dynamic Airbreathing
Propulsion Simulations (JDAPS) partership whose mission is to
advance the state of the art in numerical modcling of gas turbine
engine components (Davis et al., 1995).

BACKGROUND

Numerous publications in the past two decades have been
dcvotedlotmdqstmdingthephmommofmcmdmaﬁngnall
in axial flow multistage compressors. Numerical models capable of
predicting post stall behavior gencrally gained scceptance with the
lumped volume approach of Greitzer (1976) and have evolved into
finite  diffcrence control volume methods which can isolate
acrodynamic behavior of an individual stage. One widely accepted
and validated mode] known as DYNTECC was developed by Davis
and O’Brien (1986,1991) and has become the comerstonc of the
JDAPS modeling effort.

An application of this model by O’Brien and Boyer (1989) was
able to identify the critical stages in a 10 stage high performance
compressor which exhibited a rotating stall problem at mid speeds.
One conclusion of their results was that stall recovery problems at
mid-rmgespeedscmbeidmtiﬁedasmeansionofmesmﬁng
problems typicallyammmedﬁunmspeedtogxwﬂidle. This
“extended starting” theory postulated that methods which provide for
actodymmicsmningulowspcedswillpmdwcmovayuhighcr



spocds if properly applied. The work presented here was originally
undcrtaken to investigate this extended starting theory from the
perspective of a dynsmic model. The TS5-1-712 wrboshaft engine
was chosen as the validation vehicle for this model because of &
timely start testing program begun in 1993 which included interstage
data from 20%-100% of design speed (Owen and Davis, 1994). The
availability of complete interstage data in the starting region was
crucial 1o the model development.

The investigation of starting problems and the development of
fall speed range models has been given some attention in current
literature. Chappell and McLaughlin (1993) developed an spproach

Agrawal and Yunis (1982) presented a similar approach based an
mmwmhmmmmmn
guﬂlydepmdonublehohpa“m:pruding"mmddo
not have the inherent sbility 1o look at post stall and interstage
behavior. Some Navier-Stokes calculations have been undertaken for
starting flows in s compressor cascade (Outs et al., 1993) but the
computing time and memory requirements prescatly make this
method impractical for modeling a multistage compressor with post
stall behavior. The utility of the DYNTECC starting model lies in its
ability to Jook at compressor behavior for any foreseeable operating
condition based on fundamental flow physics with reasonable

STARTING MODEL

DYNTECC is a one-dimensional stage-by-stage compression
system model which is able 1o analyze generic compression systems
as illustrated in Fig. 1. The inlet ducting, compressor, and combustor
volumes are modeled as a series of elemental control volumes with
mass, work, and heat fluxes across the control volume surfaces. The
equations governing the flow are those for mass, momentum, and
energy transfer for a non-viscous fluid with turbomachinery source
terms, commonly referred to as the Euler equations (Eq.1).

The source terms for compressor stages are given in the form of
pressure and temperature cocfficients vs. mass flow coefficient far
esch stage. The stage characteristics are defined for all performance
possibilities, which are generally divided into three distinct regions
as shown in Fig. 2. The pre-stall region is the nomnal stable
opalﬁngregimewhaexhepmmﬁsechmaisﬁchasanegaﬁve
slopc. The rotating stall region is modecled as a continuous
characteristic along a throttle line with positive slope down to the
zro flow condition, and the reversed flow region represents
performance associated with full snnulus reversed flow. The results
presented here are concerned primarily with normal operation up to
the inception of rotating stall. This is the region in which
experimental stage characteristics were available from the T-55 test
program. A full complement of spanwisc pressure and temperature
probes for each stage was used 1o measure stage performance from
20%-100% of design carrected speed, with ground idle occurring at
approximately 61%. It should be noted that the flow blockage duc to
boundary layer effects will be inherent in the stage characteristics,
thus blockage cffects are not handled explicitly inside the framewark
of DYNTECC.
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Figure 1. DYNTECC Control Volume Technique.
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Figure 2. Typical Stage Characteristics

BOUNDARY CONDITIONS

Saned;mgestomemodelhlvebemimplanemedinordaw
sinmhtznsunsequmﬁm%-lOO%dxignmectedM
The most critical of these was the development of a uniform
pressurc/arca boundary condition which can be applied to both
choked and unchoked exit flow. This allowed the model to run at
va.riablcspeedsoverthemﬁremgeofopaability. The same
principle was applied 1o develop a start bleed model based on bleed
flow arca and bleed dump pressure. This allowed simulation of
acmalsmtbleedschedul&mdsignifmlymhmwdtheabﬂilylo
model interstage behavior during a start.

The inflow boundary condition during normal forward flow is
ﬂwq)eciﬁaﬁmofmtalpmmmdmpalm.muixbomdty
condition has traditionally been the specification of exit mass flow

speedquwsaiginnﬂydcvdoped.butpvvedbbe
cumbersome when varying speeds from 0%-100% of design speed,
since it is unknown a priori at what point the exit flow will become
choked as speed increases.

Tomodelsmﬁngbdnviormawidcmgedspeeds.l
mﬁfamsetofbumdﬂycmditimwdevdopedbmdonﬂnexh
fiow srea and exit static pressure. This provides a logical model
since the actual flowficld is also govemned by these two physical
properties. mmlmmymﬁﬁmmﬂumm
information for closure of the governing equations and remains valid
over the entire operating region. The exit mass flow parameter is
sﬁlle:nployedwithinthe&mworkofDYNTBCC.afterheing
daivedﬁnmdnprummcmdiﬁmsbyliqs.2&3. The exit
Mach number is detcrmined from the given static pressurc and
calculated total pressure by Eq. 2. This is then used to calculate an
exilmxssﬂowwuneta.whichimorpaﬂuﬂngivmexitﬂowm
inFq.S.Thiswchrﬁqmanowsfoupeeduﬂthroulcmsiemsove
the entire compressor performance map with a smooth transition
through the starting region.
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START BLEED MODEL

Thcsunepmoedmeusedfordeumhingﬂwexixmmﬂowws
also used to develop a dynamic bleed flow model. Given the bleed
ﬂowmmddmnpsmicpessme.themssﬂowﬂnwghmebleed
is determined for each time step. For the TS5 model, the ratio of
static pressure at the sixth stage start bleed w the bleed dump static
msmdcmﬂnadwbleedmssﬂowmfmagivmbleedm
This allows a bleed flow schedule to be modeled based on the actual
bieed flow area as indicated by the position of the bleed band during
a start sequence. Bleed flow blockage and pressure losses through
the bleed band and piping are mot modeled explicitly, but are
includedimplicitlyintheselectimofbleedﬂowmmdbleed
dump pressure. The combination of exit boundary conditions and
bleedﬂowbmmdn’ycmdiﬁmsdewunincmcmmalsugcmmhhg
in the model.



ENGINE DATA ACQUISITION

In 1990, the U.S. Army Vehicle Propulsion Directorate (VPD)
initiated its non-recoversble stall program. One goal of this broad
mmboﬁn;udynmicm;inemislhemﬂydthc
AlliedSignal TS5-L-712 turboshaft engine and to report to the U.S.
Army Aviation and Troop Command (ATCOM) on this enginc's start
sequence. To accomplish this, the VPD's program included
extensive rig testing which defined the individual stge
characteristics and engine testing © characierize the engine start
sequence.

Engine testing began in November of 1994 and start testing
ended on March 27, 1995. During that time, 127 enginc starts were
uem:pﬁshedwiﬂxhighmedm.eqlﬁedduhgﬂdm
starts. The enginc was started at altitudes up 10 approximately 4.5
poh:l.nrbinzinletw(wmm).mdbleedﬂow.
Owen (1995) presents in detail the TS5-L-712 engine,
instramentation locations, data acquisition procedures, and provides
some preliminary results. Data from this program is available, under
sppropristc  proprictary  constraints, w© the United States

U

Figure 3. T55-L-712 Turboshait Engine

THE T55-L-712 ENGINE

The TSS-L-712 wrboshaft engine (Fig.3) is a gas turbine engine
in the 12 kg/s class. The transonic compressor consists of seven axial
stages and onc centrifugal stage. It uses no variable geometry but
uses a single start bleed over the sixth stage stator. The compressor
operates at a design point of about 12 kg/s mass flow with a pressure
ratio of about 8.0. The combustor is a reverse flow annular
combustor. For these start tests, the engine power turbine was
Jocked. Figure 4 shows the meridional flowpath of the engine as it
was implemented in the DYNTECC model.

Sicady state instrumentation included total pressure and
tcmpcnnn'enkecintbebel]moulhtegimupsmoftbemgim
inlet for use in calculating engine mass flow. Pressure and
temperature rakes were integrated to provide overall stage pressure
and temperature rise characteristics. High response instrumentation
included, but was not limited to, a string of high response pressure

transducers located on the shroud in front of the first rotor, and on the
hub at the exit of the first two stators.

Steady statc pressure is scnsed using an clectrically scanned
pressure (ESP) system which scans and updates the readings cvery
second. Start data was contiruously acquired for & maximum of 60
scconds after the initiation of dats scquisition to capture the entire
start sequence. The total pressure and measurements
experienced a time lag of up 1 onc sccond behind the rotor speed
measurements, but this did not affect the synchronization of mass
fiow calculations which are independent of rotor speed.

T-55 Flowpath Geometry
Inlet Ducting Compressor Plenum
6th Stage Bleed

7-Axial 1-Centrifugal Stages

Figure 4. T-55 DYNTECC Flowpath Model.

RESULTS

Figure S shows a simulated start sequence from 0%-80% design
carrected speed plotied with test results from & successful cold start
ind warm start. Axis scales are omitted since all data has been non-
dimensionalized. The speedlines in this plot were generated from the
mode] based on stage characteristics from rig test data. This plot
shows ovenll compressor performance from compressor inlet o the
combustor inlet. The test data goes up to ground idle speed, which is
approximately 61% of design corrected speed. The two experimental
starts follow essentially the same path on the overall plot. The most
obvious feature of the start sequence is that the engine appears o be
operating on the stall linc through most of the start. The simulated
start sequence follows a slightly lower overall operating line but
closely matches the ground idle point. The effect of closing the start
bleed can be clearly seen in the simulation. The point at which the
exit flow becomes choked has been labeled on the plot to emphasize
the smooth transition which the model is able to make. This is a
direct result of the pressure / arca boundary condition and represents
a significant enhancement to the modeling capabilities of DYNTECC.



T-55 START SEQUENCE

[0 COLD START
O WARM START
——DYNTECC MODEL

choked exit
unchoked exit

PRESSURE RATIO

CORRECTED FLOW
Figure 5. Full Start Simulation vs. T-55 data.

Figme6sq:pautheobservmmamecompmssorishdeed
opanﬁnghmﬁngsulldmingmnchofﬂxcsmtseq\mce. It shows
the high frequency responsc of 2 flash mounted shroud pressure
msdxwukenwhﬂlthemginewuuﬂ%ofdesigncmecwd
speed. m:wumeofeightcﬁumfmﬁdlymmwdmsdm
at the same axial location approximately one chord length upstream
ofﬂwﬁrstsugcm.bcmbcmmisshuppmsmﬁsem
withnﬁeqnmcydabomlOOHz.mughlyGO%ofthegm\mdidle
compressor speed. Further, it appears spproximately 1.25 ms later in
the transducer mounted 45° in the direction of rotation. This pattern
conﬁnucsfaallcightdthemsdncasinthcnnyinfrunofthe
compressor. hseansbgic&lnoumthﬂdﬁspressmvuiaﬁmis
mvingcirannfm!iallyabomdwﬁ'mtfwe. Transducers located in
muialstringhdicateaplumdmpbdﬁndthcﬁrstsngethu
moves with this pulse. A study of the entire transducer pressurc trace
indicuesthispananexistsﬁomthcbegirmingoftheswtsequawe
withuptofourofd)esemntingptumcvmtsocamingw}yinthe
start sequence. That number gradually declines until the event
disappears at 52% of design speed. This apparently rotating pressure
phcnomenmmovescircmnfe:mﬁallyatbetween%mdﬁo%ofthe
rotor speed throughout the sequence.

Figures 7-12 show the start sequence on a stage-by-stage basis
for stages 1-6 respectively. The background speedlines for these
plotsuethepre-sullmgechnmaisﬁesnsedbme which
were derived from experimental rig test data. Axis scales have been
omittedsimeallpuunemhxvebemnmdimmsimﬂiud. The
experimental data for stages 1-3 lies on or near the stall line for most
of the start sequence. This supports the observation that the front
sugesmopa:tinginornwmmingsnllﬂuuxshommostofthc
stmsequawe.lhenndeldosdymmlmt}ﬁsbehavicrmdmmhes
thegro\nldidlcpointqtﬁtewellfordlsuges.'mcnmdmcyofthc
modcltofollowalowaopenlinglinethmthetstdaninmeaﬁ
stages is not clearly understood at this time. Aerodynamic blockage
isirﬂmtinthcsugechnnctcﬁsﬁcs.bunhcscmmlyvalidforthc
bleed schedule which was used during data acquisition on the test rig.

STATIC PRESSURE
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Figure 6. High Response Static Pressure Trace

Ithnsbemposnﬂnwdtlmmexplidtuuunauofﬂowbhchge.
rather than accounting for blockage in the stage characteristics, may
improve the match.

Apoimofimercstistnwmcmodelisnblemnmaspwds
below 20% of design, since stage characteristics were not avsilable
below 20% speed. A zevo speed characteristic was input to the model
with the assumption that the pressure and temperature risc
characteristics would be zero at zero speed. The model uses an
interpolation scheme to calculate characteristics at intermediate
speeds.hmceitintapohmbetwemtheasmmedmspeed
condition and the nearest speedline (20%) for the very low speed
calculations.

CONCLUSIONS

The DYNamic Turbine Engine Compressor Code (DYNTECC)
supported by JDAPS has been modified to incorporate speed
msimlswithmsm/malmmdrycmdiﬁmaﬂowingdymic
sﬁnﬂaﬁmdmpmwmsﬂumgbmnnwcnmm
regime. The enhanced starting model has been configured W
simulatc starting behavior in the AlliedSignal T55-L-712 axi-
centrifugal compressor and compares favorably with start test data
from this engine. The TS5 compressor normally operates in rotating
suﬂmﬁlitmxhswoxirnmlyso%ofdesipspeed(gm\mdidle
is about 61%). This is near the starter disengagement point for the
smw.&ninsﬁwsnnsequm.dwﬁrstmdmirdsugesd’
thccunpmmﬂnmtlﬁglﬂyloodeduialsnges. Stage 3 is
mtlﬁghlyloadedbetwemabmn20%md43%ofdcsignspeedmd
stage 1 is loaded more highly elsewhere. Comparison of interstage
data with the model shows a tendency of the model to follow a lower
opatﬁnglinelsmeﬂowappoachesthesmbleedbcaﬁm Itis
belicved that an explicit treatment of flow blockage may improve
these results. The mode] represents a significant investigative tool
which can be used to simulate changes in start bleed schedules and
stage matching during dynamic events “3al] over the map™.



STAGE 1

0 COLD START
O WARM START
—— DYNTECC MODEL

PRESSURE RATIO

20% 30%

CORRECTED FLOW
Figure 7. Stage 1 Start Sequence

STAGE 2

(3 COLD START 80%
O WARMSTART
—— DYNTECC MODEL

PRESSURE RATIO

CORRECTED FLOW
Figure 8. Stage 2 Start Sequence
STAGE 3

O COLD START

O WARMSTART
—— DYNTECC MODEL

PRESSURE RATIO

CORRECTED FLOW
Figure 9. Stage 3 Start Sequence
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STAGE 4

{0 COLD START 80%
O WARM START
—— DYNTECC MODEL

CORRECTED FLOW
Figure 10. Stage 4 Start Sequence
STAGE 5

O COLD START

O WARM START
—— DYNTECC MODEL

CORRECTED FLOW
Figure 11. Stage 5 Start Sequence
STAGE 6
[0 COLD START

O WARM START
—— DYNTECC MODEL

CORRECTED FLOW
Figure 12. Stage 6 Start Sequence



REFERENCES

Agrawal, RK., and Yunis, M., “A Generalized Mathematical
Model to Estimate Gas Turbine Starting Characteristics”, ASME
Journal of Enginecring for Power, Vol. 104, 194-201, Jan. 1982,

Chappell, MA., and McLaughlin, P.W., “Approach to Modeling
Continuous Turbine Engine Operation from Startup to Shutdown”,
AIAA Journal of Propulsion and Powez, Vol. 9, No. 3, 466471, May-
June 1993.

Davis, M.W., Jr., “A Stage by Stage Post Stall Compression
System Modcling Technique: Methodology, Validation, and
Application”, Ph.D. Dissertation, Virginia Polytechnic Institute and
State University, Blacksburg, VA, Dec. 1986.

Davis, M.W., Jr., O'Brien, WEF., Owen, AK., and Cousins,
W.T., “Joint Dynamic Airbreathing Propulsion Simulations
Partnership (JDAPS)”, ASME peper 95-GT-279, presented at the
Houston, TX Junc 5-8, 1995.

Davis, M.W., Jr, and O'Brien, W.F., “Stage by Stage Poststall
Compression  System Modeling Technique”, AIAA Journal of
Propulsion, Vol. 7, No. 6., 997-1005, Nov.-Dec. 1991.

Greizer, EM., “Surge and Rotating Stall in Axial Flow
Compressors - Part I Theoretical Compression System Model”,
ASME Journal of Engincering for Power, Vol. 98, 190-198, April
1976.

Greitzer, EM., “Surge and Rotating Stall in Axial Flow
Can;rwsm-PmII:ExpaimamlRemhsdeompuimwith
Theory”, ASME Journal of Engineering for Power, Vol. 98, 199-217,
April 1976.

O'Brien, W.F., and Boyer, Keith, “Stall and Recovery in
Multistage Axial Flow Compressors”, AGARD-CP-468, Propulsion
and Encrgetics Panel 74th (A) Specialists’ Meeting on Unsteady
Acrodynamic Phenomena in Turbomachines, Luxembourg, Aug. 28-
30, 1989.

Outa, E., Kato, D., and Chiba, K., “A 2-D Compressible N-§
Simulation of Starting and Stalling Flows in a Compressor Cascade
System”, AIAA 11th International Symposium on Air Breathing
Engines (ISABE 93-7006), Tokyo, Japan, Vol. 1, 53-62, Sept. 20-24,
1993.

Owen, AK., and Davis, Milt W., Jr., “Modeling the Dynamic
Behavior of an Axi-Centrifugal Compression System”, 30th AIAA /
ASME / SAE / ASEE Joint Propulsion Conference, AIAA-94-2802,
Indianapolis, IN, Junc 27-29, 1994.

Owen, AK., “Comparisons Between Unsteady Acrodynamic
Eveats in a Gas Turbine Generator and an Identical Compressor Rig”,
AGARD 85th Propulsion and Energetics Panel Symposium on Loss
and Unsteady Flows in Tubomachines, Derby UK, May 8-12, 1995.



Form Approved

REPORT DOCUMENTATION PAGE oM No. 07040185
Public reporting burden for this collection of information is estimated 1o hour per i the time for revi h
gathering and maintaining the data needed, and completing and reviewing the eolbction of lntormalion Send comments rogardlng this burden estimate or any othor aspoa of this
collection of information, Including wgvsﬁons for reducing this burden, to rs Services, Directorate for Information Operations and Ropons 1215 Jefferson
Davis Highway, Suite 1204, Arlington, 22202-4302, and 1o the Office of Manaqsmsm and Budgdl. Paperwork Reduction Project (0704-0188), Washington, DC 20503,
1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
October 1996 Technical Memorandum
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Dynamic Modeling of Starting Aerodynamics and Stage Matching
in an Axi-Centrifugal Compressor
WU-505-62-0L

6. AUTHOR(S)

Kevin Wilkes, Walter F. O'Brien, and A. Karl Owen

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
NASA Lewis Research Center REPORT NUMBER
Cleveland, Ohio 44135-3191
and
Vehicle Propulsion Directorate E-10477

U.S. Ammy Research Laboratory
Cleveland, Ohio 44135-3191

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING

National Aeronautics and Space Administration AGENCYR N ER
Washington, D.C. 20546-0001
and NASA TM-107338

U.S. Amy Research Laboratory ARIL~TR-1107
Adelphi, Maryland 20783-1145

11. SUPPLEMENTARY NOTES
Prepared for the 41st Gas Turbine and Aeroengine Congress sponsored by the International Gas Turbine Institute of the American
Society of Mechanical Engineers, Birmingham, United Kingdom, June 10-13, 1996. Kevin Wilkes, Virginia Polytechnic Institute and
State University, Blacksburg, Virginia 24061; Walter F. O'Brien, Mechanical Engineering Dept. Head, Virginia Polytechnic Institute
and State University, Blacksburg, Virginia 24061; A. Karl Owen, Vehicle Propulsion Directorate, U.S. Army Research Laboratory,
NASA Lewis Research Center. Responsible person, A. Karl Owen, organization code 2760, (216) 433-5893.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Unclassified - Unlimited
Subject Category 07
This publication is available from the NASA Center for AeroSpace Information, (301) 621-0390.

13. ABSTRACT (Maximum 200 words)

A DYNamic Turbine Engine Compressor Code (DYNTECC) has been modified to model speed transients from 0-100%
of compressor design speed. The impetus for this enhancement was to investigate stage matching and stalling behavior
during a start sequence as compared to rotating stall events above ground idle. The model can simulate speed and throttle
excursions simultaneously as well as time varying bleed flow schedules. Results of a start simulation are presented and
compared to experimental data obtained from an axi-centrifugal turboshaft engine and companion compressor rig. Stage
by stage comparisons reveal the front stages to be operating in or near rotating stall through most of the start sequence.
The model matches the starting operating line quite well in the forward stages with deviations appearing in the rearward
stages near the start bleed. Overall, the performance of the model is very promising and adds significantly to the dynamic
simulation capabilities of DYNTECC.

14. SUBJECT TERMS 15. NUMBER OF PAGES
. . . 9
Dynamic modeling; Engine start 5 PRICE GODE
A02
17. SECURITY CLASSIFICATION |18. SECURITY CLASSIFICATION |19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANS| Sid. Z39-18
298-102



